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Preface 


Disturbances  in  a  laminar  boundary  layer  are  subtle 
phenomena.  Detecting  and  stimulating  these  waves  was  more 
challenging  than  I  expected  it  would  be  when  I  started. 
I've  gained  an  appreciation  for  the  skill  of  the 
professional  scientists  whose  works  appear  in  my 
bibliography.  They  make  it  look  easy,  but  at  every  turn, 
reality  waits  for  the  innocent  experimenter. 

Several  people  provided  invaluable  assistance  to  me. 
Mr.  Joe  Hofele,  of  the  AFIT  Model  Shop,  accurately 
converted  the  pictures  in  my  mind  into  wind  tunnel  models. 
Mr.  Nick  Yardich,  Lab  Supervisor,  obtained  the  equipment 
I  needed  and  offered  useful  suggestions.  Technician  Jay 
Anderson  performed  magic  with  electronic  components  and' 
enabled  me  to  effectively  take  data.  Also,  I  thank  my 
advisor.  Dr.  Milton  Franke,  for  his  patience  and  his 
guidance  throughout  this  project. 

Finally,  I  thank  my  wife  Diann  and  daughter  Jacqui 
for  their  love,  support,  and  encouragement  during  the  long 
days  and  nights  of  study. 


Lawrence  Kudelka 


This  thesis  was  prepared  on  a  Commodore  128  using 
"Word  Writer  128"  by  Timeworks.  The  printer  was  a 
Panasonic  KX-P1091. 
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Abstract 

Wind  tunnel  experiments  were  conducted  to  generate 
velocity  perturbations  in  a  laminar  boundary  layer  using 
periodic  heating  of  a  flush-mounted  ribbon.  A  thin  strip 
of  Nichrome  ribbon,  flush-mounted  on  a  flat  plate,  was 
heated  by  pulsed  voltage  of  various  frequencies  with 
spring  tension  used  to  take  up  the  slack  caused  by  thermal 
expansion.  Vibration  of  the  ribbon  was  excited  by  the 
periodic  thermal  expansion  and  contraction  due  to  the 
pulsed  voltage.  Sinusiodal  velocity  fluctuations  were 
detected  by  a  hot  wire  anemometer  when  the  ribbon  was 
allowed  to  vibrate  during  pulsed  heating. 

No  effect  on  the  amplitude  of  the  flow  disturbances 
was  detected  with  the  spring  tension  removed  and  segments 
of  the  ribbon  firmly  fixed  to  the  surface  such  that  no 
vibration  of  the  ribbon  occurred  during  periodic  heating. 
Pulsed  heating  of  a  thin  ribbon  caused  detectable  flow 
disturbances  only  when  the  ribbon  was  allowed  to  vibrate. 

The  AFIT  9-in  wind  tunnel  had  sufficiently  low 
turbulence  to  detect  fluctuations  when  pulsed  voltage  was 
applied  to  the  ribbon.  Experiments  conducted  in  the  AFIT 
14-in  wind  tunnel  were  not  able  to  show  effects  of  heating 
because  of  the  large  amount  of  free-stream  turbulence. 
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BOUNDARY  LAYER  DISTURBANCES  CAUSED  BY 


PERIODIC  HEATING  OP  A  THIN  RIBBON 


This  thesis  examines  the  generation  of  periodic 
velocity  disturbances  in  a  laminar  boundary  layer  using 
periodic  heating  of  a  thin  ribbon.  Such  disturbances  can 
be  used  as  a  mechanism  for  the  active  control  of  laminar- 
turbulent  transition  (9:8).  In  previous  research,  distur 
bances  have  been  generated  by  vibrating  ribbons  (11)  and 
by  periodic  surface  heating  (7).  The  present  interest  in 
these  methods  is  for  the  control  of  flow  disturbances 
using  active  feedback  systems.  Instead  of  changing  the 
mean  flow  conditions,  as  is  done  with  suction  and  blowing 
boundary  layer  control  schemes,  this  area  of  research  is 
aimed  at  controlling  the  generation  and  growth  of  the 
disturbances  that  are  predicted  by  (10)  to  lead  to  transi 
tion.  Disturbances  in  a  laminar  boundary  layer  can  be  re 
duced  by  superimposing  control  disturbances  of  the  proper 
phase  and  amplitude  (11). 


In  a  laminar  boundary  layer,  periodic  disturbances 
known  as  Tollmein-Schlichting  (TS)  waves  develop  as  a 
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natural  result  of  surface  roughness  or  perturbations  in 
the  external  flow  (12:382)  .  A  laminar  boundary  layer  is 
considered  stable  if  the  TS  waves  decrease  in  amplitude  as 
they  move  downstream,  and  unstable  if  they  increase  in 
amplitude.  As  the  TS  waves  grow  in  amplitude,  some 
research  indicates  that  they  eventually  result  in 
turbulent  flow  (13:69),  or  they  interact  with 
three-dimensional  disturbances  from  the  free-stream, 
causing  transition  (11:234). 

Experiments  by  Shubauer  and  Skramstad  showed  that 
mechanical  oscillations  of  thin  ribbons  near  a  surface 
generated  TS  waves  and  that  TS  waves  at  certain 
frequencies  were  amplified  as  predicted  by  Tollmein- 
Schlichting  theory  (13:69-78).  However,  to  reduce  the 
inertia  of  the  ribbon,  its  thickness  was  reduced  to  the 
point  where  it  was  very  fragile.  It  also  disturbed  the 
flow  when  not  in  use.  "Flush-mounted  surface  heaters  have 
the  advantages  of  being  more  versatile,  less  fragile,  do 
not  disturb  the  flow  at  zero  amplitude,  and  can  handle 
higher  frequencies,"  according  to  Liepmann  (6:187). 

Experiments  by  Liepmann  and  Nosenchuck  (6:187-200) 
with  periodic  heating  of  surface  strips  in  water  showed 
that  periodic  heating  could  be  used  to  excite  laminar 
instability  waves.  The  frequency  of  the  unstable  waves 
was  typically  40  Hz.  Typical  heater  power  was  15  Watts, 
and  the  estimated  temperature  rise  was  3C.  A  second 


heater  was  used  to  generate  a  disturbance  phase  shifted 
from  the  first  to  cancel  the  first  TS  wave.  When  the 
second  disturbance  was  in  phase  with  the  first,  the  TS 
wave  was  amplified.  The  authors  (6:188)  hypothesized  that 
with  detection  of  naturally  occurring  TS  waves  and  an 
appropriate  feedback  system,  control  of  naturally 
occurring  TS  waves  would  be  possible. 

Subsequent  research  by  Liepmann  and  Nosenchuck 
(7:201-204),  also  in  water,  used  a  feedback  loop  with 
periodic  surface  heating  to  reduce  the  amplitude  of 
naturally  occurring  TS  waves.  The  amplitude  of  the  TS 
waves  was  modified  by  phase  control  of  the  signal  to  the 
heater.  The  net  result  of  reducing  the  amplitude  of  the 
TS  waves  was  to  delay  the  transition  to  turbulent  flow. 
Heat  flux  is  equivalent  to  an  effective  normal  velocity  at 
the  wall,  such  as  that  caused  by  a  vibrating  ribbon 
(6:188).  In  water,  the  viscosity  decreases  as  temperature 
increases,  so  that  steady  heating  has  a  stabilizing  effect 
on  the  laminar  boundary  layer.  The  opposite  effect  occurs 
in  air.  Also,  the  local  changes  in  density  are  more 
significant  in  air  than  in  water,  and  the  resulting 
governing  equations  are  more  difficult  to  analyze  (3:1). 

Both  surface  heating  and  sound  were  used  by 
Maestrello  (9)  to  experimentally  alter  the  boundary  layer 


in  air.  The  boundary  layer  was  excited  by  the  heater  and 
the  subsequent  growth  of  the  disturbances  was  controlled 
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by  sound.  The  sign  of  the  pressure  gradient  determined 
the  receptivity  of  the  flow  to  periodic  heating.  In  the 
author's  words: 

"In  the  region  of  favorable  pressure  gradient 
the  flow  is  highly  receptive  to  surface  heating 
and  one  can  easily  trigger  small  or  large 
amplitude  disturbances  as  well  as  impart 
'instant'  transition.  This  is  an  important 
region  of  the  flow  and  could  be  utilized  to 
trigger  transition  to  'augment'  maximum  lift  of 
an  airfoil."  (9:8) 

Numerical  analysis  by  Bayliss,  et  al.;  (3)  showed 
that  the  use  of  localized  temperature  disturbances  was  an 
effective  technique  for  reducing  the  level  of  growing 
disturbances  in  the  boundary  layer.  The  study  was  based 
on  a  fourth-order  accurate  finite-difference  scheme  for 
solving  the  two-dimensional  compressible  Navier-Stokes 
equations.  However,  there  would  be  some  difficulties 
involved  with  using  heating  to  reduce  the  disturbances  in 
air.  Larger  temperature  disturbances  are  required  to 
change  the  viscosity  in  air  equivalent  to  that  in  water. 
Also,  for  compressible  flow,  temperature  disturbances  and 
pressure  gradients  are  coupled  and  difficult  to  analyze 
(3:1).  But,  in  spite  of  all  this,  they  concluded  that 
localized  temperature  disturbances  could  be  an  effective 
technique  to  reduce  the  level  of  growing  disturbances  in 
the  boundary  layer. 

Another  numerical  simulation  by  Maestrello,  et  al., 
showed  that  the  pressure  gradient  Induced  by  curvature  of 


the  surface  significantly  enhanced  the  effectiveness  of 
active  control  of  boundary  layer  disturbances  through 
time-periodic  surface  heating  and  cooling  (8:5). 


Further  simulation  by  Bayliss,  et  al.,  (2)  of  the 
growth  and  distortion  of  disturbances  indicated  that  phase 
cancellation  through  active  heating  and  cooling  is 
theoretically  feasible.  They  provided  a  numerical 
solution  for  boundary  layer  flow  with  a  time  harmonic 
inflow  for  calculating  spatially  unstable  disturbances. 

The  scheme  was  applied  to  study  the  active  control  of 
growing  disturbances. 

Thomas  (11)  experimentally  used  vibrating  ribbons  in 
air  to  actively  control  boundary  layer  transition. 
Transition  was  successfully  delayed,  but  the  flow  was  not 
completely  restored  to  its  original  undisturbed  state. 
Transition  was  delayed  when  a  second  ribbon  superimposed 
phase  shifted  disturbances  of  equal  amplitude  on 
single-frequency  disturbances  generated  by  the  first 
r  ibbon . 


Objective  and  Scope 

The  critical  element  in  active  boundary  layer  control 
is  the  control  mechanism:  the  method  of  inducing 
disturbances  in  the  boundary  layer.  The  objective  was  to 
generate  and  detect  disturbances  in  a  laminar  boundary 


layer  using  periodic  heating  of  flush-mounted  thin 
ribbons . 

Experiments  were  conducted  in  two  wind  tunnels  with 
two  different  flat  plates  over  ranges  of  Reynolds  numbers 
from  8000  to  69000,  favorable  and  unfavorable  pressure 
gradients,  and  9  configurations.  Two  methods  of  attaching 
the  ribbons  to  the  surfaces  of  the  flat  plates  allowed  the 
ribbons  to  vibrate  mechanically  in  one  case  and  to  be 
rigidly  fixed  in  the  other  case,  such  that  only  periodic 
heating  would  affect  the  flow.  Disturbances  of  certain 
frequencies,  which  vary  with  Reynolds  number,  are 
predicted  by  Schlichting  to  lead  to  transition  and 
therefore  are  the  frequencies  that  should  be  generated  to 
control  transition.  For  the  range  of  Reynolds  numbers  in 
this  thesis,  the  appropriate  frequencies  are  within  the 
range  from  40  to  1000  Hz. 

Measurements  using  a  hot  wire  anemometer  gave 
quantitative  data  on  the  amplitude  of  boundary  layer 
disturbances  and  qualitative  information  about  the  wave 
forms  of  the  velocity  fluctuations. 
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The  transition  from  laminar  to  turbulent  flow  begins 
with  the  development  and  growth  of  periodic  velocity 
perturbations,  known  as  Tollmein-Schlichting  (TS)  waves. 
Tollmein-Schllcht ing  stability  theory  (12:392)  says  that 
the  growth  of  the  TS  waves  is  governed  by  the  stability  of 
the  laminar  boundary  layer.  The  stability  of  the  flow  is 
determined  by  the  eigenvalues  of  the  Orr-Sommerf ield 
equation.  The  result  is  a  relationship  between  the 
Reynolds  number,  the  wavelength  of  the  disturbances  in  the 
flow,  and  the  stability.  Above  a  critical  Reynolds  number 
there  exists  a  range  of  wavelengths  of  disturbances  for 
which  the  laminar  flow  is  unstable.  Disturbances  of 
unstable  wavelengths  will  be  amplified,  while  disturbances 
of  larger  or  smaller  wavelengths  will  be  damped  out 
(12:397)  . 

The  curves  of  wave  propagation  velocity  and 
dimensionless  frequency  versus  Reynolds  number  for  stable 
and  unstable  disturbances  are  given  by  Schlichting 
(13:397).  The  dimensionless  frequency  is  given  by: 

F  =  <5*  (1) 

00 

where  f  is  the  frequency  in  cycles  per  second  (Hz)  and 
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the  boundary  layer  displacement  thickness  for  a  Blasius 
velocity  profile  is: 

<5*  =  1.72  (Re}'*x  =  0.344  <J  (2) 

where  Blasius'  solution  for  boundary  layer  thickness  on  a 
flat  plate  at  zero  angle  of  incidence  is  given  by: 

d  =  5(Re)‘*x  (3) 

where  Re  =  PU  x/V 

00 

Equations  (1)/  (2),  and  (3)  with  the  curves  given  by 
Schlichting  can  be  used  to  determine  the  frequencies  of 
the  unstable  disturbances.  These  are  the  frequencies  of 
interest  that  should  be  controlled  to  delay  transition. 
Below  the  critical  Reynolds  number,  finite  disturbances 
can  be  propagated  in  the  boundary  layer,  but  they  will  not 
be  amplified  until  passing  downstream  of  the  point  where 
critical  Reynolds  number  occurs. 

More  detailed  theoretical  analysis  of  periodic 
disturbances  in  the  boundary  layer  requires  sophisticated 
solution  of  the  Navier-Stokes  equations,  as  done  by 
Bayliss,  Maestrello,  et  al.  (2). 

A  vibrating  ribbon  at  the  surface  causes  velocity 
disturbances  in  the  boundary  layer,  as  determined  by 
Shubauer  and  Skramstad  (13:75).  Periodic  surface  heating 
affects  the  flow  in  a  manner  similar  to  a  vibrating 
ribbon,  according  to  Leipmann  (6:188)  and  Maestrello 
(9:1).  "The  coupling  between  the  thermal  and  mechanical 


effects  is  provided  by  the  dependence  of  viscosity  on 
temperature,"  according  to  Maestrello  and  Ting  (10:1038). 
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The  boundary  layer  momentum  equation  given  by 
Liepmann  (6:188)  indicates  the  effect  of  steady  surface 
heating: 


ku 


ku  kp  ku  kT  ku  t  »u 

»  '  1  >  rmm  t  k  ”  U  » 


kx  +  ky  +  kx  kT  ky  ky  ^  ky* 


(4) 


In  the  fourth  term  on  the  left  side  of  eq  (4),  both 
(ku/ky)  and  (-kT/ky)  are  positive.  In  air,  k)i/kT  is 
positive  which  is  destabilizing  (6:188).  An  increase  in 
surface  temperature  would  cause  the  right  side  of  the 
equation  to  be  positive,  indicating  an  inflection  in  the 
boundary  layer  velocity  profile,  u(y),  which  Schlichting 
reports  as  an  indication  of  an  instability  (12:390).  Also 
in  air,  the  change  in  density  due  to  a  change  in 
temperature  is  more  significant  than  in  water. 

Steady  heating  of  the  boundary  layer  in  air  has  been 
shown  by  Nosenchuck,  as  reported  by  Maestrello  (9:6),  to 
cause  transition  at  lower  Reynolds  numbers.  Periodic 
temperature  fluctuations  cause  periodic  disturbances  in 
the  flow.  However,  the  coupling  between  heating  and 
velocity  disturbances  in  air  is  much  weaker  than  in  water, 
and  is  predicted  by  Maestrello  to  require  a  larger 
temperature  fluctuation  to  cause  as  large  a  disturbance  in 
air  as  in  water  (9:1). 
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2i  Ribbon 


A  pulsed  voltage  was  applied  to  the  Nichrome  ribbon 
to  maximize  the  amount  of  fluctuation  in  temperature.  In 
other  research,  a  sine  wave  was  applied  to  the  heating 
element,  but  a  sine  wave  allows  less  time  during  which  the 
ribbon  could  cool,  and  therefore  less  fluctuation  in 
temperature.  Figure  1  shows  the  estimated  relationship 
between  the  pulsed  voltage  and  the  temperature  of  the 
ribbon . 

When  voltage  was  applied,  the  ribbon  heated  up  and 
expanded.  Between  pulses  the  ribbon  cooled  and 
contracted.  The  periodic  expansion  and  contraction  caused 
the  ribbon  to  vibrate.  In  the  preliminary  experiment  with 
the  Nichrome  ribbon  suspended  between  test  stands,  as 
described  in  section  III,  the  ribbon  was  seen  vibrating 
during  periodic  heating. 

If  gravity  is  ignored  and  the  displacement  is  assumed 
to  occur  in  one  plane,  then  the  one-dimensional  wave 
equation  can  be  used  to  indicate  the  parameters  affecting 
the  frequency  of  the  vibration.  The  one  dimensional  wave 
equation  given  by  Kreyszig  (5:417-419)  is: 


where 


c* 


P 


T  is  tension,  P  is  mass  per  unit  length 
and  u(x,t)  is  the  displacement. 

The  solution  indicates  that  the  fundamental 
frequencies  of  a  vibrating  ribbon  are  proportional  to  the 
square  root  of  the  tension  and  inversely  proportional  to 
the  length  between  fixed  end  points. 

The  change  in  length  of  the  ribbon  is  proportional  to 
the  change  in  its  temperature,  assuming  a  linear 
relationship  exists  where  the  coefficient  of  thermal 
expansion  is  constant.  Therefore,  the  temperature 
characteristics  can  be  deduced  from  the  thermal  expansion 
properties  of  the  material.  The  change  in  length  due  to 
thermal  expansion  is  given  by: 


L  =  L  +  L  C  (  T  -  T  ) 
O  O  C.  o 


(6) 


where  L  is  the  length  when  heated  to  temperature  T 
Lq  is  the  length  at  initial  temperature  Tq 
CE  is  the  coefficient  of  thermal  expansion 

(0.000017  per  deg  C  for  Nichrome  as  given  by 
the  manufacturer) 

Solving  eq  (6)  for  temperature  yields: 
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Equation  (9)  becomes: 


0=9  exp  (-Qt)  (13) 

max  c 

where  Q  is  a  time  constant  determined  by  the  ability  of 
the  ribbon  to  dissipate  heat.  The  value  of  Q  can  be 
determined  experimentally.  The  change  in  temperature  over 
time  is  measured  and  eq  (13)  is  rewritten  as: 

Q  =  -  £■  In  (0/0mav)  (14) 

t  max 

Equation  (7)  is  used  for  the  length  when  heated  and 
again  for  the  length  at  a  given  time  interval  after 
removing  steady  heat.  Then  the  temperature  of  the  ribbon 
can  be  found  as  a  function  of  time.  For  pulsed  heating, 
the  voltage  is  applied  to  the  ribbon  for  20%  of  the  cycle. 
The  amount  of  time  available  for  cooling  (during  which 
time  the  temperature  decreases  as  much  as  it  increases 
during  the  preceding  pulse)  is  80%  of  the  period,  or 
0.8/f,  where  f  is  the  frequency  of  heating.  The  higher 
the  frequency,  the  shorter  the  period,  and  therefore  the 
smaller  the  temperature  fluctuation  aT  will  be.  The 
relationship  is: 

aT  =  (T  -  T  )[ 1-exp ( -0 . 8Q/f ) ]  (15) 

max  <» 

where  T  is  the  maximum  temperature  when  heated, 
max 

Another  method  was  used  to  estimate  the  amount  of 
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temperature  fluctuation.  When  pulsed  heating  was  applied, 
the  periodic  thermal  expansion  and  contraction  of  the 
Nichrome  ribbon  excited  a  natural  mode  and  the  ribbon 
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vibrated  with  a  displacement  normal  to  the  flat  face  of 
the  ribbon.  The  maximum  and  minimum  lengths  could  then  be 
calculated  from  the  measured  displacement  using 
trigonometry.  Rearranging  eq  (7)  gives  an  equation  for 
the  temperature  fluctuation  as  a  function  of  the  maximum 
and  minimum  lengths: 


aT 


L 

-max 

L  . 
min 


Calculations  are  given  in  section  IV. 
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The  heating  element  was  Nichrome  ribbon,  1/16  in  wide 
and  0.002  in  thick,  approximately  the  same  as  that  used  in 
previous  research  by  (6),  (7),  and  (9).  The  ribbon  had  a 
resistance  of  8  ohms/ft  at  room  temperature. 

An  experiment  was  conducted  with  the  heating  element 
suspended  between  two  test  stands  to  determine  the 
response  of  the  heating  element  to  pulsed  voltage.  The 
arrangement  of  equipment  is  shown  in  Fig.  2.  The  airflow 
over  the  thin  strip  of  Nichrome  ribbon  was  approximately 
one  foot  per  second  due  to  the  air  from  the  ventilation 
duct  in  the  lab. 

A  function  generator  produced  sinusoidal  and  pulsed 
voltage  output.  A  Bosen  Model  SOB  Power  Amplifier 
amplified  the  output  of  the  signal  generator.  The  maximum 
current  was  1.6  amps.  A  B&K  Dual-Trace  Oscilloscope 
measured  the  voltage  output  from  the  signal  generator  and 
the  power  amplifier.  A  strobe  tachometer  was  used  to  show 
the  vibrations  of  the  ribbon.  The  displacement  of  the 
ribbon  could  be  measured  when  the  strobe  was  used  to 
visually  freeze  the  Image  of  the  ribbon. 


Nichrome  Ribbon 


Arrangement  of  equipment  for  test  of  heating 
element  response  to  pulsed  /oltage. 
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The  AFIT  14-in  wind  tunnel  is  located  in  building  95A 
at  Wr ight-Patterson  AFB.  It  is  a  closed-return  type 
tunnel  with  a  14-in  diameter,  32-in  long  cylindrical  test 
section.  It  is  powered  by  a  large  DC  motor  and  is  capable 
of  high  subsonic  speeds  (approximately  600  ft/sec).  The 
arrangement  of  equipment  is  shown  in  Figs  3  and  4.  A 
balance  is  installed,  enabling  the  incidence  angle  of  the 
flat  plate  to  be  controlled  from  the  console.  Pressure 
measurements  were  made  at  different  incidence  angles  to 
determine  the  pressure  gradient.  Velocity  and  turbulence 
in  the  boundary  layer  were  measured  with  a  hot  wire 
anemometer . 

The  flat  plate  used  in  the  14-in  tunnel  had  a  13-in 
span  with  a  12-ln  chord  and  is  shown  in  Fig  5.  It  had 
a  rounded  leading  edge  and  was  made  of  plexiglass.  A  one- 
inch  wide  strip  of  phenolic  board  was  embedded  three 
inches  from  the  leading  edge,  with  a  shallow  groove  to 
hold  a  Nichrome  ribbon  heating  element.  The  heating 
element  was  held  by  spring  tension  to  take  up  slack  that 
occurred  as  the  ribbon  expanded  during  heating.  Thirteen 
ports  for  sampling  the  static  pressure  were  located  at  1/2 
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inch  intervals  along  the  flat  surface  of  the  plate. 

The  pressure  ports  were  connected  by  plastic  tubing 
to  a  Scannivalve,  which  included  a  2.5  psi  differential 


pressure  transducer.  The  signal  from  the  transducer  was 
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Fig  3.  Equipment  arrangement  at  14-in  Wind  Tunnel 


f  VjV  .•  A"*-'-'  V  W  J 


jl/vu  via.* 


--  "L*  -w  _w 


Fig  4  . 


Equipment  at  14-in  Wind  Tunnel. 


Fig  5.  Flat  plate  in  test  section  of  14-in  tunnel 
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sent  to  an  AIM-12  Analog-to-Digital  (A-to-D)  converter 
card  installed  in  a  Zenith  Z-100  computer.  The  AIM-12  was 
set  for  a  range  of  -5  to  +5  volts  with  a  gain  of  100.  The 
Z-100  also  commanded  the  scannivalve  to  step  through  the 
pressure  ports.  Electromagnetic  interference  was  a 
problem  because  the  signal  from  the  transducer  was  so 
small  (-25  to  +25  mV  full  scale).  To  reduce  the  noise, 
the  cables  between  the  transducer  and  computer  were 
shielded  and  a  capacitor  was  added  to  the  circuit  to  act 
as  a  low-pass  filter.  The  software  took  N  samples  and 
averaged  them  at  each  pressure  port  to  reduce  the 
significance  of  the  noise.  N  was  usually  50  to  100 
samples.  The  chordwise  static  pressure  distribution  was 
used  to  indicate  the  pressure  gradient  along  the  plate. 

Velocity  and  turbulence  data  were  obtained  by  a 
Thermal  Systems  Inc  (TSI)  1050  series  anemometer.  The 
anemometer  output  was  linear  by  a  linearizing  module, 
then  sent  to  a  signal  conditioner  with  a  500  Hz  low-pass 
filter.  The  output  was  read  from  a  Hewlett-Packard 
digital  voltmeter.  The  DC  voltage  corresponded  to  the 
mean  flow  velocity,  and  the  RMS  voltage  corresponded  to 
the  velocity  fluctuations  (turbulence). 

The  TSI  1050  series  system  is  modular  with  power 
supply,  linearizer,  control  resistance,  and  signal 
conditioner  modules.  The  500  Hz  low-pass  filter  removed 
the  high  frequency  interference  from  the  output  signal. 


Fig  6.  Boundary  layer  Hot  Film  Probe,  TSI  Model  1218-20. 


The  sensor  was  a  TSI  1218-20  hot  film  boundary  layer 
probe  with  an  operating  temperature  of  250C,  shown  in 
Fig.  6.  The  probe  had  a  pin  to  prevent  damage  to  the 
sensor  element  by  contact  with  the  surface.  The  pin 
prevented  the  sensor  from  getting  closer  than  0.005-in 
from  the  surface.  The  sensor  was  quartz  coated  platinum 
alloy  0.002-in  in  diameter  with  a  0.04-in  long  sensing 
section.  The  upper  frequency  response  was  250  kHz, 
according  to  the  manufacturer.  The  hot  film  sensor  was 
more  durable  than  a  standard  hot  wire  sensor  and  was  less 


The  voltage  output  of  the  linear  anemometer  is 
shown  in  Fig  7  as  a  function  of  velocity.  The  calibration 
was  accomplished  in  the  9-in  wind  tunnel  with  an  empty 
test  section.  The  velocity  was  determined  by  a 
pitot-static  tube  connected  to  an  inclined  manometer 
graduated  in  0.01-in  increments. 

The  linear  output  had  several  advantages  over  the 
bridge  output,  especially  when  measuring  turbulence.  The 
bridge  output  did  not  have  a  straight-line  relationship 
with  velocity,  therefore  the  sensitivity  was  different  at 
each  mean  velocity  and  the  amount  of  voltage  change  for  a 
given  velocity  fluctuation  was  a  function  of  the  mean 
velocity.  The  linear  output  had  a  straight-line 
correlation  with  velocity.  The  fluctuation  in  voltage  for 
a  given  fluctuation  in  velocity  was  independent  of  the 
mean  velocity,  which  was  important  for  measuring  the 
distribution  of  disturbance  amplitude  across  the  boundary 
layer,  where  there  was  a  significant  change  in  mean 
velocity. 

When  the  fluid  temperature  increased,  as  happened 
during  the  heating  of  the  ribbon,  the  anemometer  sensed  a 
decrease  in  the  current  required  to  maintain  the  sensor  at 
its  constant  operating  temperature.  This  resulted  in  a 
reduction  in  the  indicated  mean  velocity.  However,  a 
given  fluctuation  in  voltage  would  still  correspond  to  the 
same  fluctuation  in  velocity,  even  though  the  mean 
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indicated  velocity  would  be  lower  in  the  heated  air. 

In  this  way,  the  measure  of  turbulence  was  relatively 
independent  of  small  changes  in  air  temperature. 

Appacatus  and  EEggsflma-la  jLla JLLnfl.  Tunas  1 

The  9-in  wind  tunnel  is  located  in  room  142,  building 
640.  It  is  an  open  return  type  tunnel,  designed  for  low 
turbulence.  Figures  8  and  9  show  the  general  arrangement 
of  equipment.  The  test  section  is  9  by  9-in  square  and  36 
in  long.  The  ceiling  and  floor  of  the  test  section  are 
wood  and  the  sides  are  plexiglass.  Test  section  dynamic 
pressure  was  monitored  by  a  two-inch  inclined  manometer, 
calibrated  in  hundredths  of  inches.  The  dynamic  pressure 
was  measured  by  the  difference  between  total  pressure 
(ambient  static  pressure)  and  the  static  pressure  at  four 
ports  (one  in  each  wall)  located  just  upstream  of  the  test 
section.  The  DC  motor  is  down  stream  of  the  test  section 
and  is  capable  of  a  maximum  velocity  of  67  ft/sec  in  the 
test  section.  Free  stream  turbulence  in  the  empty  test 
section  is  less  than  one  percent. 

The  boundary  layer  hot  film  probe  was  mounted  in  a 
manual  traversing  mechanism  graduated  in  0.001-in 
increments.  The  same  TSI  series  1050  anemometer  was  used, 
with  linear  output  and  a  500  Hz  low-pass  filter.  The 
linear  output  was  sent  to  a  digital  voltmeter,  a 
storage  oscilloscope,  and  to  a  modified  Z-100  computer. 
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Fig  9  . 


Equipment  at  9-in  Wind  Tunnel. 


The  computer  contained  an  AIM-12  analog-to-d igital 
converter,  set  for  a  range  of  0  to  10  volts  with  a  gain  of 
one.  The  software  commanded  an  A-to-D  conversion  N  times 
for  each  data  point.  From  the  N  sample  voltages,  a  sample 
mean  and  sample  standard  deviation  were  computed.  The 
computed  mean  and  standard  deviation  voltages  corresponded 
closely  with  the  digital  voltmeter's  DC  and  RMS  voltages, 
respectively  (within  1%).  The  storage  oscilloscope 
displayed  the  voltage  applied  to  the  Nichrome  ribbon  and 
the  linear  anemometer  output  (velocity  fluctuation). 
Polariod  photographs  were  taken  of  the  oscilloscope 
presentation  to  make  a  permanent  record. 

The  heating  element  was  driven  by  the  same  arrangement 


of  a  function  generator  and  power  amplifier  as  used  in  the 
14-in  tunnel.  Fig  10  shows  the  flat  plate  mounted  in  the 


Fig  10.  Flat  plate  in  test  section  of  9-in  tunnel,  with 
boundary  layer  hot  film  probe  and  temperature 


sensor 


9 - in  wind  tunnel  with  the  boundary  layer  probe  and 


temperature  sensor.  The  flat  plate  model  used  in  the  9-in 


tunnel  was  made  of  a  single  piece  of  fiber-reinforced 


phenolic  resin  board,  8  by  12  by  3/16  in.  It  was  mounted 


on  an  aluminum  support  which  put  the  plate  in  the  middle 


of  the  test  section,  and  allowed  fore  and  aft  adjustment. 


With  the  flat  plate  alone,  separation  occurred  at  the 


leading  edge.  Because  of  the  nature  of  the  material,  the 


bevel  at  the  leading  edge  was  not  sharp  enough  to  keep  the 


stagnation  point  on  the  sharp  lip.  The  velocity  and 


turbulence  profiles  at  x  =  0.5  in  from  the  leading  edge 
showed  that  the  flow  was  separated.  Farther  downstream, 
the  flow  reattached,  but  it  was  still  too  turbulent  to  see 
any  artificially  induced  disturbances.  A  flap  was  added 
to  the  trailing  edge  of  the  flat  plate,  deflected  upward 
30  deg  to  move  the  stagnation  point  up  to  the  lip.  With 
the  addition  of  the  flap,  the  flow  was  fully  attached  and 
laminar.  In  some  experiments,  a  second  heater  strip  was 
attached  to  the  plate,  electrically  in  series  with  the 
first. 

One  section  of  the  flat  plate  that  was  used  in  the 
14-in  tunnel  was  also  used  in  the  9-in  tunnel.  It  was 
mounted  using  a  wooden  support  and  had  a  span  of  5.25  in, 
as  shown  in  Fig  11.  Fig  12  shows  all  the  configurations 
of  both  flat  plates.  In  configurations  2,  3,  and  9  the 
spring  tension  was  removed  and  a  short  (1/2  inch)  segment 
of  ribbon  directly  upstream  of  the  boundary  layer  probe 
was  fixed  to  the  surface  of  the  plate  using  adhesive 
cyanoacrylate  (commonly  called  "super-glue”). 

Configuration  1  was  used  only  in  the  14-in  tunnel.  A 
separation  bubble  at  the  leading  edge  of  configuration  4 
caused  the  boundary  layer  to  be  turbulent.  The  separation 
bubble  was  also  present  with  configuration  6,  with  a  2-in 
flap  deflected  30  deg.  Configuration  5,  with  a  6-in  flap 


deflected  30  deg,  had  smooth  laminar  flow  along  the  entire 
upper  surface.  Configurations  7,  8,  and  9  had  the  same 


Fig  11.  Section  of  flat  plate  A  for  use  in  9-in  tunnel. 

flap  arrangement  as  configuration  5  and  differed  only  in 
the  location  of  the  Nichrome  ribbon.  Configuration  5  had 
one  ribbon  at  x=2  in.  Configuration  7  had  2  ribbons  at 
x=2  and  x=3  in.  Configuration  8  had  2  ribbons  at  x=l  and 
x=2  in.  Configuration  9  had  one  ribbon  at  x=l  in. 

Static  pressure  on  the  plate  was  not  measured 
directly  in  the  9-in  tunnel,  but  the  sign  of  the  pressure 
gradient  was  determined  by  measuring  the  velocity  at 
several  chordwise  locations  outside  the  boundary  layer, 
2-in  from  the  surface  of  the  flat  plate.  For  example. 


increasing  velocity  in  the  streamwise  direction 
corresponds  to  decreasing  static  pressure,  indicating  a 


favorable  pressure  gradient. 

Vibration  of  the  Nichrome  ribbon  while  mounted  on  the 
flat  plate  was  observed  with  a  microscope.  A  strobe  light 
illuminated  the  ribbon  during  pulsed  heating.  The 
relative  amplitude  of  the  vibrations  of  the  ribbon  were 
measured  with  markings  on  the  microscope's  cross-hair 
reticle.  The  displacement  due  to  the  vibration  was 
visually  compared  to  the  width  of  the  ribbon  to  estimate 
the  amplitude  at  various  frequencies  of  pulsed  heating. 


iv.  Results  and. 


Hsafeina  filament  Characteristics 

The  characteristics  of  the  heating  element  response 
to  pulsed  voltage  were  determined  experimentally  with  the 
apparatus  described  in  section  III  (Fig  2)  and  the 
eguations  developed  in  section  II.  When  voltage  was 
applied  to  the  Nichrome  ribbon  on  the  test  stand,  the 
ribbon  expanded  and,  at  certain  freguencies,  it  vibrated. 
The  vibration  was  caused  by  the  periodic  thermal  expansion 
and  contraction  as  the  ribbon  was  periodically  heated  and 
cooled  during  the  voltage  cycles. 

Using  eg  (7),  the  average  steady  state  temperature  of 
the  Nichrome  ribbon  was  estimated  by  measuring  the  length 
when  heated  and  comparing  it  to  the  length  at  room 
temperature.  The  initial  length  (Lq)  was  11.13  in  at  a 
room  temperature  (T^)  of  22. 2C.  When  the  ribbon  was 
heated  to  the  point  where  it  was  just  beginning  to  glow 
red,  the  length  was  11.31  in,  with  eq  (7)  giving  an 
estimated  temperature  of  1013C.  When  heated  by  pulsed 
voltage  at  40  Hz,  the  mean  length  was  11.22  in,  for  a 
temperature  of  518C.  The  accuracy  of  these  estimated 
temperatures  is  limited  by  the  assumption  that  the 
coefficient  of  thermal  expansion  remained  constant  over  a 


large  temperature  range.  No  other  method  was  used  to 
directly  measure  the  temperature  of  the  ribbon,  and 
therefore  the  validity  of  these  estimates  is  not  certain. 

The  rate  of  cooling  was  calculated  to  determine  the 
frequency  response  using  eqs  (7),  (11),  (12),  (14),  and 
(15).  The  length  of  the  ribbon  at  room  temperature,  21C, 
was  11.09  in.  (The  length  at  room  temperature  was 
different  from  the  previous  paragraph  because  a  different 
sample  of  ribbon  was  used).  When  heated,  the  length  was 
11.25  in,  and  eq  (7)  gives  a  temperature  of  850C.  The 
length  at  one  second  after  turning  off  electrical  power  to 
the  ribbon  was  11.14  in,  and  eq  (7)  gives  a  temperature  of 
270C.  Substituting  the  appropriate  values  into  eqs  (11), 
(12),  and  (14)  results  in  a  value  for  the  time  constant  of 
Q  =  1.2/sec.  As  an  example  for  pulsed  voltage  at  70  Hz 
with  Q  =  1.2/sec,  T[nax=  600C,  and  Tb=  21C,  eq  (15)  yields 
a  temperature  fluctuation  of  aT  =  8C. 

YibtaUgn  2i.  £Ubb9n 

When  pulsed  voltage  at  35  or  70  Hz  was  applied  to  the 
ribbon  on  the  test  stand,  the  periodic  thermal  expansion 
and  contraction  of  the  Nichrome  ribbon  excited  a  vibration 
with  a  displacement  normal  to  the  flat  face  of  the  ribbon. 
At  other  frequencies  the  amplitude  of  the  displacement  was 
much  smaller.  A  strobe  light  was  used  to  visually 


freeze"  the  motion  of  the  ribbon  to  allow  the  direct 


measurement  of  the  displacement.  The  fluctuation  in 
length  was  calculated  by  considering  the  maximum  length  to 
be  the  hypotenuse  of  a  right  triangle  with  the  length  at 
room  temperature  and  the  displacement  as  the  two  other 
legs  of  the  triangle.  With  a  measured  displacement  of 
0.19  in,  and  a  minimum  length  (at  room  temperature)  of 
11.125  in,  the  hypotenuse  (maximum  length)  was  11.127  in. 
Eguation  (16)  then  gives  a  value  for  the  temperature 
fluctuation  of  aT  *  8C,  which  is  the  same  as  the  value 
computed  with  eq  (15)  in  the  previous  paragraph. 

With  the  ribbon  held  flush  against  the  surface  of  the 
flat  plate  using  spring  tension  (as  in  configuration  5, 

Fig  12),  the  ribbon  vibrated  during  pulsed  heating.  The 
amplitude  of  vibration  was  observed  by  using  a  microscope 
and  a  strobe  light  with  the  flat  plate  removed  from  the 
wind  tunnel,  as  explained  in  section  III.  The  amplitude 
of  the  vibration  was  generally  on  the  order  of  0.001  inch. 
At  particular  frequencies,  the  amplitude  was  significantly 
higher  (about  0.005  inch),  indicating  resonant  modes  of 
the  ribbon.  The  largest  amplitude  occurred  when  the 
heating  pulses  were  at  approximately  170  and  380  Hz. 
Increasing  the  spring  tension  did  not  noticeably  change 
the  response  of  the  ribbon.  Removing  all  spring  tension 
removed  the  peak  resonant  responses  but  did  not  completely 
stop  the  vibrations. 


14-in  Wind  Tunnel  Results 

The  high  level  of  free  stream  turbulence  in  the  AFIT 
14-in  Wind  Tunnel  prevented  the  detection  of  any  effect  of 
the  heating  of  the  Nichrome  ribbons.  The  screens  located 
upstream  of  the  test  section  were  changed,  from  two 
coarse-mesh  screens  to  one  coarse-mesh  and  two  fine-mesh 
screens,  but  there  was  no  noticeable  change  in  turbulence. 
Even  with  the  flat  plate  (configuration  1  in  Fig  12)  at  an 
angle  of  incidence  to  produce  a  favorable  pressure 
gradient,  the  free  stream  turbulence  caused  the  boundary 
layer  to  have  large  random  velocity  fluctuations. 

At  an  incidence  angle  of  -5  deg  (leading  edge  down) 
the  pressure  gradient  was  favorable,  that  is,  dp/dx  <  0. 
An  incidence  angle  of  +5  deg  produced  an  adverse  pressure 
gradient,  dp/dx  >  0.  Figure  13  shows  the  free  stream 
turbulence  detected  by  the  hot  film  probe.  The  free 
stream  velocity  was  8  ft/sec  and  the  turbulence  was  3.6%. 
Figures  14  and  15  show  the  boundary  layer  velocity 
perturbations  without  any  power  applied  to  the  heating 
element  and  with  periodic  voltage  applied,  respectively. 
The  upper  trace  is  the  voltage  output  of  the  power 
amplifier,  which  was  the  same  as  the  voltage  across  the 
Nichrome  ribbon.  The  lower  trace  is  the  AC  portion  of  the 
linearized  anemometer  voltage  output  and  indicates  the 
velocity  fluctuation  in  the  flow.  There  was  no 
qualitative  or  quantitative  difference  in  the  boundary 
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Fig  15.  Periodic  heating  of  ribbon  in  14-in  tunnel. 

Pulsed  heating  at  77  Hz,  configuration  1. 

layer  disturbances  between  the  two  cases.  The  turbulence 
in  both  cases  was  approximately  30%. 

9-ln  Bind  Tunnel  E&anLLa. 

The  AFIT  9-Inch  Wind  Tunnel  had  sufficiently  low 
turbulence  to  permit  the  detection  of  velocity 
perturbations  in  the  boundary  layer  caused  by  periodic 
heating  of  the  ribbon.  At  certain  frequencies  of  pulsed 
voltage,  the  amplitude  of  velocity  perturbations  increased 
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dramat ica 1 ly . 

With  the  flat  plate  configurations  5,  7,  8,  ind  9,  as 


shown  in  Fig  12,  the  boundary  layer  was  found  to  be 
laminar  over  the  entire  length.  The  highest  Reynolds 
number  examined  was  200,000  per  foot.  The  30  deg  flap  at 
the  trailing  edge  prevented  separation  at  the  leading 
edge,  which  occurred  with  configurations  4  and  6. 

The  pressure  gradient  along  the  flat  plate  was 
estimated  from  the  mean  velocity  outside  the  boundary 
layer  at  various  distances  from  the  leading  edge,  as 
described  in  section  III.  The  velocity  gradually 
decreased  from  the  value  at  the  leading  edge  by  4%  over 
the  first  4  in  aft  from  the  leading  edge.  A  decrease  in 
velocity  theoretically  corresponds  to  an  increase  in 
static  pressure,  therefore  an  adverse  pressure  gradient 
was  present  (dp/dx  >  0). 

Fig  16  is  a  photograph  of  the  oscilloscope 
presentation  showing  the  background  turbulence  level  in 
the  laminar  boundary  layer  with  no  voltage  applied  to  the 
ribbon.  The  plate  was  at  zero  incidence  angle  with  the 
trailing  edge  flap  deflected  up  30  deg  (Configuration  7  in 
Fig  12).  The  free  stream  velocity  was  34  fps  with  a 
Reynolds  number  of  69,000  at  the  hot  film  sensor,  which 
was  located  at  x  =  4  in,  where  the  boundary  layer 
thickness  was  <3  =  0.081  in.  Nichrome  ribbons  were  located 
at  x  =  2  in  and  x  =  3  in. 

With  pulsed  voltage  at  177.5  Hz  and  the  sensor  at 
y  =  0.005  in  above  the  plate  surface,  or  y/<5  =  0.06,  Fig  17 
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Fig  16.  Boundary  layer  in  9-in  tunnel,  no  heat. 

Configuration  7,  sensor  at  y/<5  =  0.06. 
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Fig  17.  Periodic  heating  of  ribbon,  y  =  0.005  in, 
y/<5  =  0.06.  Pulsed  heating  at  177  Hz, 
response  at  355  Hz.  Ribbon  vibrating. 
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shows  sinusoidal  velocity  fluctuations.  The  sinusoidal 
velocity  fluctuation  shown  in  Pig  17  is  representative  of 
all  the  test  results  where  the  ribbon  was  allowed  to 
vibrate  when  pulsed  voltage  was  applied.  Also,  Fig  17 
shows  that  the  frequency  of  the  disturbances  was  twice  the 
frequency  of  the  pulsed  voltage  across  the  ribbon,  or  355 
Hz.  Note  that  the  velocity  perturbation  showed  a  minimum 
directly  below  the  pulse. 

In  Fig  18,  at  y  =  0.06  in,  or  y/<5  =  0.74,  the 
amplitude  of  the  disturbance  diminished  to  approximately 
the  level  of  the  naturally  occurring  free  stream 
turbulence.  In  Fig  19,  at  y  =  0.08  in  or  y/<5  =  0.99,  the 
velocity  was  at  a  peak  just  below  the  pulse.  A  180  degree 
phase  shift  occurred,  as  previously  demonstrated  by 
Shubauer  and  Skramstad  (14:76),  and  also  as  predicted  in 
the  numerical  simulation  by  Bayliss,  et  al.  (2:7).  The 
results  shown  were  typical  for  conditions  where  the  ribbon 
was  allowed  to  vibrate. 

The  dimensionless  velocity  profile  is  shown  in  Fig 

20,  where  the  boundary  layer  thickness  was  0.081  in  thick. 

For  these  conditions,  Blasius'  theory  for  a  flat  plate  at 

zero  incidence  predicts  a  boundary  layer  thickness  of 

0.076  in.  The  mean  velocity  at  each  point  has  been  non- 

d imens iona 1 i zed  by  the  mean  velocity  (Uq)  outside  the 

boundary  layer  at  the  same  x  location.  U  was  4%  less 

o 

than  Ua,  which  was  measured  just  upstream  of  the  test 
section.  A  straight  line  connects  each  data  point. 
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18.  Periodic  heating  of  ribbon,  y  =  0.06  in, 
y/<5  =  0.74.  Pulsed  heating  at  177.5  Hz, 
ribbon  allowed  to  vibrate. 
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19.  Periodic  heating  of  ribbon,  y  =  0.08  in, 
y/<3  =  0.99.  Pulsed  heating  at  177.5  Hz, 
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Figure  21  shows  the  dimensionless  turbulence  profile 
which  agrees  with  the  shape  found  in  the  experiments  by 
Shubauer  and  Skramstad  with  a  vibrating  ribbon  (12:76). 

The  turbulence  has  been  non-dimens ional ized  by  the  same 
mean  velocity  outside  the  boundary  layer  that  was  used  to 
non-d imens ional ize  the  velocity  profile.  The  distribution 
of  amplitude  across  the  boundary  layer  shown  by  Fig  21 
also  agrees  qualitatively  with  the  numerical  solution  of 
the  Navier-Stokes  equations  by  Bayliss,  Maestrello,  et 
al.,  (3:4)  as  shown  by  the  dashed  line  in  Fig  21. 

Previous  experiments  with  vibrating  ribbons  used  an 
alternating  current  and  electromagnets  located  beneath  the 
surface  of  the  flat  plate.  In  the  present  experiment, 
there  are  no  magnets,  only  the  pulses  of  voltage  causing 
rapid  thermal  expansions  and  contractions  of  the  ribbon. 

Fig  22  shows  the  distribution  of  velocity 
perturbation  amplitude  against  the  frequency  of  the 
voltage  applied  to  the  Nichrome  ribbon.  A  straight  line 
connects  each  data  point.  The  relative  amplitude  is  the 
RMS  value  of  the  voltage  output  of  the  linearized 
anemometer  divided  by  the  RMS  value  with  no  voltage 
applied  to  the  ribbon.  However,  the  frequency  of  the 
response  of  the  boundary  layer  remained  at  about  350-370 
Hz  throughout  the  range  of  input  frequencies,  as  seen  in 
Fig  17,  where  the  input  frequency  is  177.5  Hz  and  the 
response  of  the  boundary  layer  is  at  355  Hz.  When  the 
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Fig  21.  Turbulence  profile,  vibrating  ribbon. 
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input  frequency  was  371  Hz  (the  highest  frequency  peak  in 
Fig  22),  the  boundary  layer  response  was  also  371  Hz. 

The  peaks  in  Fig  22  seem  to  correspond  to  the  peaks 
in  amplitude  of  vibration  of  the  ribbon  which  were  seen 
when  the  ribbon  was  examined  under  a  microscope  with  a 
strobe  light,  using  the  procedure  described  in  section 
III.  Under  the  microscope  with  the  flat  plate  removed 
from  the  wind  tunnel,  the  largest  amplitudes  of  vibration 
of  the  ribbon  were  seen  when  the  voltage  pulses  were  at 
approximately  the  same  frequencies  as  the  peaks  in  Fig  22. 


,jye  Causes  &£ 


Some  other  possible  causes  of  the  observed  phenomena 
are  electromagnetic  interference,  acoustic  noise  induced 
disturbances,  vibration  of  the  flat  plate,  vibration  of 
the  hot  film  probe  support,  or  thermal  effects  due  to  the 
heating  of  the  ribbon. 

The  first  phenomena  to  suspect  is  electromagnetic  or 
radio  frequency  (RF)  interference.  Sources  of  possible  RF 
interference  are  the  60  Hz  AC  line  current  throughout  the 
building,  RF  noise  from  the  DC  wind  tunnel  drive  motor, 
located  approximately  10  ft  from  the  test  section,  and  RF 
noise  due  to  the  pulsed  voltage  in  the  heater  strip.  With 
no  voltage  applied  to  the  heater  strip,  and  even  with  the 
tunnel  motor  running  and  flow  through  the  test  section,  no 
regular  disturbances  appeared.  Fig  17  shows  the  response 
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of  the  flow  to  periodic  heating  of  the  ribbon.  By 
comparison.  Fig  16,  without  heating,  shows  the  low  level 
naturally  occurring  disturbances.  In  both  figures  the 
environment  is  the  same,  except  for  the  voltage  applied  to 
the  ribbon.  Causes  other  than  those  related  to  the 
heating  element  system  can  be  eliminated  because  there 
were  no  similar  responses  without  voltage  applied  to  the 
ribbon.  This  means  that  the  tunnel  drive  motor,  AC  line 
current,  and  tunnel  acoustic  characteristics  can  be  ruled 
out  as  causes  of  the  disturbances  seen  in  Fig  17. 

It  is  logical  to  expect  that  the  alternating  current 
applied  to  the  heater  strip  would  induce  a  voltage  in  the 
hot  film  probe,  since  both  are  parallel  to  each  other. 

This  means  that  the  hot  film  probe  would  be  acting  like  a 
radio  antenna.  Because  of  the  short  length  of  the  sensor, 
it  is  most  sensitive  to  short  wavelength  signals  of  higher 
frequencies  than  those  used  in  the  boundary  layer 
experiments.  Indeed,  Fig  23  shows  small  disturbances 
coinciding  with  the  voltage  pulses  even  with  no  flow  and 
therefore  no  mechanical  connection  between  the  ribbon  and 
the  probe.  The  anemometer  output  amplitude  scale  in  Fig 
23  is  20  mV/cm,  much  smaller  than  the  scale  in  Fig  17,  50 
mV/cm.  Therefore  the  RF-induced  disturbances  are  smaller 
and  of  a  shape  that  is  noticeably  different  from  the  wave 
form  of  the  velocity  perturbations  associated  with  the 
periodic  heating  of  the  ribbon. 
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Fig  23.  Anemometer  response  with  no  flow. 

Heatjpg  WjthPUt  Vibration 

A  section  of  the  ribbon  was  securely  fixed  to  the  to 
the  surface  to  determine  effects  on  the  boundary  layer  due 
to  periodic  heating  without  mechanical  vibrations 
(Configurations  3  and  9  from  Fig  12).  When  examined  under 
the  microscope  with  a  strobe  light  during  periodic  heating 
the  ribbon  segment  did  not  show  any  movement  in  any 
direction . 

With  the  plate  and  fixed  ribbon  in  the  wind  tunnel, 
the  boundary  layer  was  examined  for  indications  of 


velocity  disturbances  due  to  periodic  heating.  The 
velocity  of  the  tunnel  was  varied  from  5  to  35  ft/sec,  the 
heating  pulses  were  varied  from  40  to  1000  Hz,  and  the 
ribbon  was  moved  to  various  locations  on  both  flat  plate 
models  (Configurations  2,  3,  and  9  in  Fig  12)  with 
neutral,  slightly  favorable,  and  strongly  favorable 
pressure  gradients.  In  all  cases,  there  was  no  indication 
of  any  qualitative  or  quantitative  change  in  the  boundary 
layer  velocity  characteristics. 

A  comparison  of  the  hot  film  probe  output  without  and 
with  heating  is  shown  in  Figs  24  and  25,  respectively. 

The  small  disturbances  visible  in  Fig  25  directly  beneath 
each  heat  pulse  were  caused  by  electromagnetic  influence 
and  do  not  indicate  a  phenomena  related  to  the  flow.  This 
is  shown  in  Fig  23,  when  the  same  heating  was  applied  with 
no  flow. 

The  distribution  of  turbulence  with  height  above  the 
flat  plate  is  shown  in  Fig  26  with  no  heat  and  in  Fig  27 
with  pulsed  heat  at  352  Hz.  It  can  be  seen  that  there  was 
no  difference  in  amplitude. 

The  mean  velocity  profiles,  Fig  28  (no  heat),  and  Fig 
29  (pulsed  heat),  show  a  decrease  in  velocity  with  heating 
but  this  is  explained  as  an  error  due  to  the  change  in 
temperature  of  the  boundary  layer.  The  boundary  layer 
temperature  increased  about  10C  with  the  heat  on,  and  this 
temperature  increase  caused  a  reduction  in  the  rate  of 
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Fig  25.  Periodic  heating  of  non-vibrating  ribbon. 
Configuration  3,  ribbon  not  allowed  to 
vibrate . 
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heat  transfer  away  from  the  hot  film  sensor.  The 
anemometer  constant  temperature  circuit  then  reduced  the 
amount  of  current  needed  to  maintain  the  probe  at  its 
constant  temperature.  Therefore  the  voltage  output  from 
the  anemometer  was  reduced  even  though  the  velocity  of  the 
flow  may  not  have  changed. 

While  it  seems  clear  that  vibration  of  the  ribbon 
caused  the  observed  sinusoidal  velocity  fluctuations,  the 
possible  effects  of  the  pulsed  heating,  which  accompanied 
the  vibration  (and  in  fact  caused  the  vibration),  cannot 
be  ruled  out.  The  heat  transfer  characteristics  of  the 
heating  element  system  may  have  been  altered  by  gluing  the 
ribbon  to  the  surface.  The  firm  contact  could  have  caused 
an  increase  In  conduction  heat  transfer  into  the 
substrate,  decreasing  the  effective  heat  transfer  to  the 
boundary  layer . 


The  results  of  this  research  indicate  the  following 


conclusions : 

1.  Pulsed  voltage  applied  to  a  thin  Nichrome  ribbon 
that  was  free  to  move  caused  vibration  by  rapid  thermal 
expansion  and  contraction  at  frequencies  and  amplitudes 
that  could  be  useful  for  active  boundary  layer  control. 

2.  The  periodic  heating  of  a  fixed,  non-vibrating 
ribbon  did  not  cause  detectable  disturbances  in  the 
boundary  layer  for  the  flow  conditions  examined.  However, 
the  method  used  to  fix  the  ribbon  to  the  surface  may  have 
altered  the  heat  transfer  characteristics.  Therefore  the 
velocity  fluctuations  observed  wht r  the  ribbon  vibrated 
may  also  have  been  influenced  by  the  heating. 

3.  The  method  of  vibrating  a  flush-mounted  ribbon  by 
pulsed  voltage  is  at  least  as  effective  as  Shubauer  and 
Skramstad's  (14)  method  of  using  electromagnets  with  a 
thin  ribbon  placed  a  short  distance  away  from  the  surface. 

4.  The  flush-mounted  ribbon  did  not  appreciably 
disturb  the  flow  when  no  voltage  was  applied. 
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Recommendations 


Additional  research  could  further  investigate  the 
characteristics  of  periodic  heating  of  a  thin  ribbon  and 
its  effects  on  the  boundary  layer.  Some  additional 
equipment  is  recommended  to  conduct  further  research: 

A  longer  flat  plate  with  a  rounded  leading  edge  and  a 
moveable  flap  would  be  useful  for  investigating  transition 
and  the  amplification  and  damping  of  disturbances. 

High  speed  photography  of  the  vibrating  ribbon  could 
be  used  to  more  accurately  determine  the  frequency  and 
amplitude  of  the  vibrations. 

A  temperature-compensated  hot  wire  anemometer  probe 
could  be  used  to  determine  the  effects  of  heating  on  the 
mean  velocity  profile,  U(y) .  In  the  present  study  the 
changes  in  the  mean  velocity  could  not  be  distinguished 
from  the  effect  of  changing  air  temperature. 

Multiple  hot  wire/film  anemometer  probes  and  support 
systems  are  necessary  to  examine  the  downstream 
propagation  of  disturbances.  Comparison  between  upstream 
and  downstream  sensors  would  indicate  the  growth  or  decay 
of  artificially  induced  velocity  fluctuations.  Also,  a 
spectrum  analyzer  would  be  beneficial  in  determining  the 
frequency  distribution  of  disturbances  in  the  flow. 


The  ability  of  the  periodic  surface  heating  without 
vibration  to  generate  disturbances  of  finite  amplitude  in 
air  could  be  improved  by  a  more  powerful  amplifier  and  by 


more  responsive  heating  elements.  The  ideal  heating 
element  would  have  very  low  thermal  inertia  to  respond 
rapidly  to  pulsed  voltage,  resulting  in  greater 
fluctuation  in  temperature.  It  must  also  be  rigidly 
mounted  in  a  way  that  prevents  vibration  of  the  element, 
in  order  to  distinguish  between  the  effects  of  heating  a 
the  effects  of  vibration. 

A  feedback  control  system  for  actively  controlling 
laminar  boundary  layer  disturbances  could  be  developed 
using  flush-mounted,  thermally-pulsed  vibrating  ribbons. 
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